since the 1997 H5n1 virus outbreak, several vaccine strategies have been under way for H5n1 influenza viruses. 6, 7 development of vaccines for H5n1 has been hampered by antigenic differences of the hemagglutinin protein. early attempts to create an inactivated vaccine using an antigenically similar H5n3 strain were unsuccessful. However, with the development of the reverse genetics systems, [8] [9] [10] [11] safe and effective attenuated vaccines could be produced. this approach also had challenges as development of a vaccine using a reverse genetics approach based on a H5n1 strain isolated from vietnam in 2004 did not achieve immune protection. 12, 13 finally, in 2006, a trial was conducted using the same modified 2004 vietnam strain as the others. to achieve satisfactory antibody titers, very high doses of the vaccine were required. 14 acceptable levels of protection were achieved in only 54% to 58% of subjects compared with the 70% to 90% usually achieved with seasonal vaccine. 14 this H5n1 vaccine has been approved by the food and drug administration (fda); however, it is only recommended for people aged 18 to 64 who could be at risk for exposure to this strain. Most recently, an inactivated, whole-virus, adjuvant H5n1 vaccine elicited a cell-mediated immune response without apparent toxicity in adult and elderly volunteers receiving a single low dose. 15 three classes of drugs are used to treat influenza virus infections: the neuraminidase inhibitors, oseltamivir 16 and zanamivir 17 ; the M2 ion channel inhibitors (adamantanes), amantadine 18 and rimantadine 19 ; and the iMP dehydrogenase inhibitors, ribavirin and mycophenolic acid. all of these inhibitors, except ribavirin, are fda approved, although ribavirin is approved in europe (european union's Committee for Medicinal Products for Human use [CHMP] ). Mycophenolic acid is an immunosuppressive drug used for prevention of organ rejection in transplant recipients. Of these, only oseltamivir and zanamivir were recommended for treatment of seasonal influenza in 2007-2008 by the Centers for disease Control and Prevention (CdC, atlanta, ga). each of these classes of drugs targets the 3 surface proteins, M2, Ha, and na. M2 inhibitors block the proton influx that is required for cleavage of the ribonucleoprotein complex from the matrix protein. the na drugs inhibit the release of progeny virus from host cells by cleaving sialic acid residues on sialoglycans on the host cell. 20 the emergence of resistant influenza viruses has been associated with continued drug use. the 2009 H1n1 viral resistance to tamiflu has been reported at a low incidence but is expected to increase to levels similar to those observed in seasonal H1n1 resistance. 21, 22 the CdC estimates an H5n1 influenza pandemic could potentially kill 1 billion people worldwide. as well, the recent H1n1 pandemic illustrates the crucial gap that antivirals can fill as vaccines are manufactured. thus, there is a critical need for new antiviral drugs to supplement vaccine development and existing chemotherapeutics. to date, other high-throughput (Ht) assays have proven successful in discovering lead-candidate antiviral compounds against influenza a infection. these include a cell-based reporter assay that uses Ha pseudotyped retroviral vectors that express luciferase 23 and a cell-based high-throughput screening (Hts) assay that uses viral neuraminidase (na) as a readout. 24 We have adapted a cell-based Ht assay 25 to screen 100,000 compounds from the niH Molecular libraries screening Centers network (MlsCn) compound library at 50 µM against H5n1 virus to identify potential novel influenza inhibitors. We report the discovery of novel chemotypes with potent anti-influenza activity against several strains of influenza a viruses (H5n1 and H1n1).
MAterIALS And MetHodS

Cell growth conditions and media
Madin darby Canine Kidney cells (atCC CCl-34; american type Culture Collection [atCC], Manassas, va) were maintained as adherent cell lines in eagle minimum essential medium with 2 mM l-glutamine and 10% fetal bovine serum (fBs) at 37°C in a humidified 5% CO 2 atmosphere as described previously. 25 Cells were passaged as needed and harvested from flasks using 0.25% trypsin-edta. Prior to cell plating, cells were resuspended in serum-free dulbecco's modified eagle medium (dMeM) with 4 mM l-glut and 1% bovine serum albumin (Bsa; assay Media). Chicken eggs were inoculated for amplification of virus, and allantoic fluid was recovered aliquoted and stored below -70°C for use in the assay.
Influenza virus
Compound library and controls
the positive control drug for this assay, ribavirin 26 (#196066, MP Biomedicals, solon, OH), was solubilized at 8 mg/ml in dMsO (sigma, st. louis, MO). the stock solution was diluted to a final concentration of 164 µM in assay media (dMeM without phenol red, 1% Bsa, 4 mM l-glutamine, 100 u/ml penicillin, and 100 µg/ml streptomycin; gibco, grand island, nY) and added to each plate before each experiment and discarded afterwards. final dMsO concentration in each well was 0.5%.
the MlsMr is a library of biologically relevant small organic molecules that has been used for Hts as part of the niH roadmap initiative, the MlsCn, and Molecular libraries Production Center network (MlPCn). this library has been updated and expanded since the initiation of the program in 2005, containing 95,512 compounds at the time of influenza H5n1 assay screening. Compounds were solubilized at 10 mM in dMsO. Before each experiment, all compounds were diluted to 50 µM in assay media for the screen.
Influenza high-throughput screen
the basic methods for the Hts for the identification of potential inhibitors of influenza virus have been previously described. 25 Briefly, MdCK cells (3 × 10 5 cells/ml) were dispensed into black, clear-bottom, 384-well plates at a density of 6000 cells/well in 20 µl assay medium using a WellMate (Matrix, Hudson, nH) and incubated 24 h at 37°C, 5% CO 2 , with high humidity. the next day, 5 µl of each compound was added to cells using a Biomek fX liquid handler (Beckman Coulter, fullerton, Ca). this resulted in a final drug concentration of 50 µM (0.5% dMsO) for all samples. Within 30 min of compound addition, cells were infected with 5 µl of diluted virus at a concentration of 100 tCid 50 doses using a WellMate (multiplicity of infection [MOi] of 0.005 Pfu/cell). virus was diluted from amplified virus stock prepared in egg allantoic fluid into assay media for a final virus stock dilution of 1:10,000. internal controls consisted of wells containing cells only, cells infected with virus, and virus-infected cells treated with ribavirin. Plates were incubated at 37°C, 5% CO 2 , for 72 h. after incubation, 30 µl of Cell titer glo (Promega, Madison, Wi) was added to each well using a WellMate and incubated at room temperature (rt) for 10 to 30 min. luminescence was measured using an envision plate reader (Perkinelmer, Wellesley, Ma).
Secondary confirmatory assays
for dose-response assays, test compounds were serially diluted in serum-free media containing 0.5% dMsO final per well in a plate-to-plate matrix or "stacked plate" matrix. Briefly, all 320 compounds in a source plate were diluted together, resulting in a 10-point dose-response dilution series. Basically, this results in a serial dilution series proceeding vertically through a stack of plates with the high-dose plate on top and the low-dose plate on the bottom (final plate well concentration ranging from 60 µM to 0.117 µM and a final dMsO concentration of 0.6%).
Plate-to-plate variability is measured by normalizing the compound (cmpd) data using in-plate controls. Cell-only values are set to equal 100% inhibition of cytopathic effect (CPe), and virus values equal 0% inhibition. for compounds, the percent inhibition is calculated as follows: 100 * (Cmpd -Median virus Ctrl)/(Median Cell Ctrl -Med virus Ctrl). We control for positional variation during assay development and validation where methods are developed to minimize or eliminate positional artifacts such as edge effects.
Cell culture assays
three methods were used to assess inhibition of virusinduced CPe in vitro in tables 1 and 2: visual (microscopic) examination of the cells, increase in neutral red (nr) dye uptake into cells, and the Cell titer glo assay reagent (Ctg; Promega) that generates a luminescent signal directly proportional to the amount of adenosine triphosphate (atP) present, which is proportional to the number of metabolically active cells. the visual microscopic and nr CPe inhibition methods have been previously reported. 27, 28 Briefly, 7 concentrations of test drug were evaluated against each virus in 96-well flatbottomed microplates. the compounds were added 5 to 10 min prior to virus, which was used at a concentration of approximately 50 cell culture 50% infection doses per well. this virus challenge dose equated to an MOi of approximately 0.001 infectious particles per cell. the tests were read after incubation at 37°C for 72 h. in the nr uptake assay, dye (0.034% concentration in medium) was added to the same set of plates used to obtain the visual scores. after 2 h, the color intensity of the dye absorbed by and subsequently eluted from the cells was determined using a computerized el-309 microplate autoreader (Bio-tek instruments, Winooski, vt). antiviral activity was expressed as the 50% effective (virus-inhibitory) concentration (eC 50 ) determined by plotting compound concentration versus percent inhibition. 28 the Ctg methodology was described earlier.
Cytotoxicity of compounds was assessed in parallel with the antiviral determinations in the same microplates, except in the absence of virus. from these results, 50% cytotoxic end points (50% cell-inhibitory concentrations [iC 50 s]) were determined by nr assay as described above. in table 1, eC 50 values were determined by Ctg assays, and the cytotoxicity cutoff was 50 µM. for table 2, all 3 methods were used to access assay inhibition of virus-induced CPe, but the cytotoxicity cutoff for the Ctg assay was 50 µM versus 100 µM for both visual and neutral red methods.
Neuraminidase inhibition assay
the assay uses amplified live virus, which has been diluted to the appropriate concentration in reaction buffer (100 mM sodium acetate, pH 6.5, 10 mM CaCl 2 ). this diluted material is added directly to the drugged plates. each reaction contained 5 µl of compound and 10 µl of the diluted virus stock in 1× reaction buffer. virus and drug or compound was incubated at ambient temperature for 30 min. substrate (15 µl) of 0.2 mM 2′-(4-methylumbelliferyl)-α-d-n-acetylneuraminic acid was added to each well. reactions were incubated at ambient temperature for an additional 30 min and stopped with an equal volume addition of 200 mM sodium carbonate, pH 9.5. fluorescence was measured in an envision plate reader using fluorescence excitation at 355 nm and emission at 460 nm. 29 Oseltamivir carboxylate was provided by Jim riordan from southern research (Birmingham, al).
Hemagglutinin inhibition assay
Briefly, hemagglutinin (Ha) inhibition was measured by serially diluting antiviral compounds in round-bottom 96-well plates. forty Ha units per ml or 4 Ha units/well were added to the plates followed by the addition of 50 µl of turkey (0.5%) or horse (1.0%) erythrocyte suspensions. inhibition of Ha activity was demonstrated by absence of formation of an erythrocyte pellet. this was recorded using a "+" symbol. When a portion of the red blood cells (rBCs) was partially agglutinated or partially settled, a "±" symbol was used. in the absence of hemagglutination, chicken or turkey rBCs form a compact button on the bottom of the wells. a "-" symbol was used to record the absence of hemagglutination. the highest dilution of virus that causes complete hemagglutination was defined as the Ha titration end point. the Ha titer is the reciprocal of the dilution of virus in the last well with complete hemagglutination.
Real-time qRT-PCR analysis
MdCK cells (8 × 10 4 cells) were plated in 0.5 ml dMeM-atCC, 10% fBs per well in 24-well microplates and incubated for 12 h at 37°C, 5% CO 2 . the medium was removed and the cells washed 2 times with phosphate-buffered saline (PBs). the confluent monolayers were infected with influenza a/ Brisbane/59/2007 (H1n1) virus on ice (4°C) at an MOi of 0.1. after adsorption for 60 min, the monolayers were washed 2 times with PBs and incubated with dMeM-atCC, 1% Bsa, and 2.5 µg/ml tPCK trypsin. sr 22700 (50 µM) or ribavirin (82 µM) was added at 1 h or 6 h postinfection (Pi). after each incubation period, the monolayers were washed 2 times with PBs and incubated with fresh medium until 9 h Pi. supernatants from 2 identically treated wells were pooled and the samples frozen at -80°C. total rna was extracted using trizOl ® ls reagent (invitrogen, Carlsbad, Ca) according to the manufacturer's instructions. Briefly, 400 µl of each sample supernatant was used for the extraction of viral genomic rna. the rnas were resuspended in dePC-treated water and used in the following experiments immediately or stored at -80°C. generation of firststrand cdna was accomplished using the superscript ® vilO™ cdna synthesis kit (invitrogen) according to the manufacturer's instructions.
Conserved regions in the matrix (Ma) gene from several strains of influenza a H1n1 and H5n1 viruses served as the target for the primers and taqMan probe design. Concentrations of primers and probe were optimized to improve the sensitivity and specificity of the reactions. a plasmid containing the cdna of influenza virus a/Wsn/33 (H1n1), pHW187-M, Ma gene was constructed and in vitro transcribed for a quantitative assay of copy numbers of the target gene. the linear range for detection was determined as 10 1 to 10 8 molecules in reaction.
real-time quantitative rt-PCr (qrt-PCr) was carried out in a 20-µl mixture containing 2.5 µl rna, 10 µl 2× taqMan 1-step rt-PCr master mix (applied Biosystems, Carlsbad, California), 1.0 µM Ma forward primer (5′-Ctt Cta aCC gag gtC gaa aCg ta-3′), 1.0 µM Ma reverse primer (5′gga ttg gtC ttg tCt tta gCC a-3′), and 1.6 µM taqMan probe (5′ faM-CtC ggC ttt gag ggg gCC tga-MgB 3′) in an MJ Opticon 2 dna engine system (Bio-rad, Hercules, Ca). Cycling parameters were carried out for 1.5 min at 95°C with a subsequent 38 cycles of amplification (95°C for 8 s; 60°C for 20 s; fluorescence was recorded at 60°C). the samples were run in triplicate.
Time of addition compound screen
MdCK cells were plated in 96-well black tissue culture plates at 15,000 cells per well in 100 µl and incubated 24 h at 37°C, 5% CO 2 . lead candidate compounds were diluted in media to give a final concentration of 52 µM and added to plates at -1, 0, 1, 4, 6, 9, and 24 h postinfection. Cells were infected with influenza a/vietnam/1203/2004 at an MOi of 0.1 and were incubated at 37°C, 5% CO 2 . after 72 h, 20 µl (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt) (Mts) was added, and plates were incubated an additional 2 h at 37°C, 5% CO 2 . Plates were read at an absorbance of 490 nm using envision. ribavirin was used as a control compound at a final concentration of 82 µM.
Data analysis
Hts data were analyzed using activityBase software (idBs, inc., guildford, uK). Percent CPe inhibition = 100 * [1 -(luminescence cmpd well -median luminescence virus ctrl)/ (median luminescence cell ctrl -median luminescence virus ctrl)]. Percent viability = 100 * luminescence cmpd well/ median luminescence cell ctrl. an active compound, or "hit," was defined as a compound that exhibited a %CPe inhibition of >25% without compromising cell viability. two doseresponse curves were calculated for each substance. One assessed % CPe inhibition at each dose (eC 50 ); the other assessed cytotoxicity at each dose (iC 50 ). eC 50 values (for % CPe inhibition) and iC 50 values were calculated using the 4-parameter levenburg-Marquardt algorithm with parameter a locked at 0 and parameter B locked at 100. standard deviation, normalized χ 2 , and Hill slope were used to evaluate the curves. eC 90 /iC 90 were also calculated to estimate the values at which 90% CPe inhibition and 10% cell viability would be achieved, respectively. values were not extrapolated beyond the tested range of concentrations. the selective index (si) was calculated as si = iC 50 /eC 50 . the criteria for determining compound activity are based on its si. Compounds with an si value of >3 were defined as active, whereas compounds that exhibited an si value less than 3 were defined as inactive.
thirty-two control wells containing cells only and 24 wells containing cells and virus were included on each assay plate and used to calculate z values for each plate and to normalize the data on a per plate basis. eight ribavirin positive control wells were included on each plate for quality control purposes but were not used in z calculations.
the z factor values were calculated from 1 minus [3 * standard deviation of cell ctrl (σ c ) plus 3* standard deviation of the virus ctrl (σ v )]/[mean cell ctrl signal (µ c ) minus mean virus ctrl signal (µ v )]). 30 
reSuLtS And dIScuSSIon
Compound screening results
a total of 95,512 compounds were analyzed in the primary screen at a single-dose concentration of 50 µM. the overall z score for the screening campaign was 0.86, reflecting a highly robust assay. statistically, the average inhibition of the compound wells was 0.68% with a standard deviation of 1.84%. inhibition values of greater than 6.2% were outside the calculated noise of the assay defined by using the average plus 3 times the standard deviation of compound well inhibition (Fig. 1) .
Previously, using our cell-based Hts against influenza a virus (H3n2), we determined a higher hit rate when compounds were screened at higher concentration, and more compounds were confirmed if we chose a higher percentage cutoff for dose response and cytotoxicity assays. 31 therefore, 64 compounds that showed a protective effect of >25% CPe inhibition were identified as hits. Because of the low number of hits identified in the primary single-dose screen, extensive structurefunction activity analysis was performed and additional analogs to these 64 compounds were identified within the compound library for rescreening. a total of 305 compounds were ordered for secondary screening. these compounds were evaluated in more detail by measuring their dose response, cell toxicity, and selectivity. dose-response curves were performed over a 512fold concentration range (from 60 µM to 0.117 µM) for cytotoxicity and antiviral activity. five of the compounds screened in dose response were confirmed as active. the eC 50 (CPe inhibition) values ranged from 0.634 µM to greater than 100 µM. the iC 50 (cytotoxicity) values ranged from 3.6 µM to greater than 100 µM. the selectivity index (si = iC 50 /eC 50 ) values ranged from 3.45 to 94.64, and compounds with si values greater than 3 were considered active. their PubChem Chemical identifier (Cid) and substance identifier (sid) and southern research identifier (sr#) are Cid (sid) sr numbers, si values: 786409 (7975011), >94.6; 663869 (862635), sr 22861, >34.3; 650040 (847638), sr 22862, >16.7; 3275189 (14743025), sr 22859 >13.8; and 9551353 (14738273), >3.5. the inhibitory activities of selected compounds are shown in Figure 2 .
dose-response data for the analogs of 2 active scaffolds, benzoquinazolinone and thiazoloimidazole structures, revealed initial structure-activity relationships (sars). a medicinal chemistry analysis was performed on the hit compounds to identify and choose the most promising compounds for lead optimization. the declared probe reported to the MlsCn (PubChem) was used to synthesize a series of compounds from the benzoquinazolinones for secondary testing using the in vitro CPe-based Ht screening assay against influenza a/ vietnam/1203/2004 (H5n1). Of these compounds, 7 met our criteria of activity: the efficacy, eC 50 value of <1 µM and with toxicity to efficacy, si of >10 (table 1) .
although not fully developed at this point, sar analysis of the benzoquinazolinone series suggests that the aryl substituent occupies a hydrophobic site that does not readily accommodate more polar moieties; introduction of more hydrophilic heterocyclic substituents at this position reduces or eliminates activity (data not shown). a 3,4-disubstitution pattern in the aryl substituent was quickly determined to be optimal. it is also noted that aromatization of the pyrimidinone ring, a common side reaction during analog synthesis that eliminates the stereocenter at the aryl substitution site, abolishes activity.
in contrast to aryl modifications, there is significant potential to modify the base structure in the central fused ring: replacement of an aliphatic carbon in the B-ring with either oxygen or sulfur or introduction of a substituent at this position leads to analogs retaining good activity. these latter derivatives also possess significantly improved solubility compared with the parent compounds. especially in the oxa congener sr 22521, it is clear that the details of the sar pattern differ between H1n1 and H5n1 and deserve further investigation.
to establish the selectivity of this chemotype, we tested sr 22409, sr 22412, sr 22521, and sr 22700 against a panel of influenza a and B viruses in cell culture (table 2) . results showed all compounds were highly active against 4 strains of H1n1 and 4 strains of H5n1 viruses but not active against 6 strains of H3n2 and 2 strains of B viruses. interestingly, sr 22700 was highly active against influenza a/California/04/09 virus (H1n1). for table 2, 3 methods were used to assess inhibition of virus-induced cytopathic effect, but the cytoxicity cutoff for the Cell titer glo assay was 50 µM versus 100 µM for both visual and neutral red methods.
Our initial approach to probe the mechanism of action of this intriguing new class of molecules, the benzoquinazolinones, was to refine the window of inhibitory activity and complement those studies with biochemical assays for various enzyme activities. We employed a time of addition assay to ascertain if the inhibition activity of the compound was early (entry) or late (replication) in the virus life cycle. in this screen, compounds were added in triplicate to plates at time points -1, 0, 1, 4, 6, 9, and 24 h Pi. seventy-two hours later, CPe was assessed using Mts as an endpoint reagent. all 7 compounds exerted antiviral activity when they were added 1 h before infection or 1 to 6 h after infection (Fig. 3) . the results suggest that these compounds may impede an early to middle stage of influenza replication, following entry but prior to release. the data in table 2 suggested neuraminidase (na) as a possible target, specifically n1 but not n2 or the na on B virus; hence, a neuraminidase assay was employed to test this hypothesis. neuraminidase inhibition was measured using 2′-(4-methylumbelliferyl)-α-d-n-acetylneuraminic acid, which liberates a quantifiable fluorescent tag in response to neuraminidase activity in the presence of influenza a viruses. 29 Methylumbelliferone signal can be detected with a sensitivity as low as 10 6 virus particles/ml (10 4 particles total) with a broad linear range. Because active na is located on the surface of the virus, no purification of the protein was necessary to measure enzymatic activity. although the control drug oseltamivir carboxylate inhibited the virus na with an eC 50 of approximately 8 nM, sr 22521 did not inhibit neuraminidase (Fig. 4) . influenza infection begins when viral Ha adheres to sialic acid receptors on the host cell surface. the selectivity data indicate that the compounds inhibit infectivity of H5 and H1 subtypes. therefore, an Ha inhibition assay was performed as described in Materials and Methods to examine whether sr 22700 was inhibiting the fusogenic function of the viral hemagglutinin. no hemagglutination inhibitor activity was detected in the Ha inhibitor assay with sr 22700 (data not shown).
to further probe the mechanism of action of this novel compound scaffold, we established a real-time qrt-PCr method to measure the amount of viral rna in a time of addition experiment. the assay provides direct and reliable measurements that can also suggest a mechanism of action. in this experiment, sr 22700 or ribavirin was added 1 and 6 h after virus infection and monitored by qrt-PCr as described in Materials and Methods. these time points were chosen since, typically, a window of 8 to 10 h is required to detect influenza a/Brisbane/59/2007 progeny virus. the 1-h time point showed a 5.5-fold reduction in M1 rna levels compared to the no-drug influenza-infected MdCK cells ( Fig. 5) . in contrast, the 1-h time point for ribavirin showed only a 1.3-fold decrease in M1 rna levels. in the case of the infected cells treated 6 h postinfection, there were 1.9-and 1.7-fold reductions in M1 rna levels for ribavirin and sr 22700, respectively. this suggests that sr 22700 is targeting an early event in the viral life cycle in agreement with the time of addition assay based on CPe (Fig. 3) .
in summary, primary and secondary screening has led to the discovery of 5 compounds with an si value of greater than 3. activity data from the confirmatory and secondary assays were analyzed in-depth to identify key scaffolds of interest, evaluate sar, and contribute to probe optimization efforts. subsequently, we synthesized several compounds for additional testing. time of addition assays suggest that these compounds are most efficacious from 1 h before infection to 6 h after infection, similar to the control drug ribavirin. in addition, dose-response and toxicity assays indicate that 7 of these compounds met our activity criteria for identification of lead compounds: an efficacy eC 50 value of <1 µM and toxicity to efficacy si of >10. furthermore, these compounds were efficacious against both H5n1 and H1n1 viruses in vitro but not against H3n2 viruses. finally, qrt-PCr results showed the M1 rna levels were significantly reduced for treatments starting 1 h postinfection in the presence of the benzoquinazolinones, suggesting a novel mechanism of action. since viral resistance to H5n1 is a growing problem for the neuraminidase inhibitors 32 and most clade 1 H5n1 viruses are resistant to the M2 inhibitors, 33 the discovery of this chemotype that exhibits a novel mechanism of action makes them excellent candidates for further evaluation. lead compounds will be examined for their ability to select for viral resistance strains in cell culture assays, and those that show the least virus resistance will be taken into animal models.
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